In this work it is described the industrial implementation of an approach to the re-identification of multivariable processes being controlled by a class of MPC controllers in which the control work is performed in two distinct layers. In the upper layer a steady-state optimization problem is solved and produces a set of optimum targets for the process inputs and/or outputs. These targets are passed to the dynamic layer of the controller that determines the best input trajectory that will drive the process system to these targets while preserving the process constraints. The two layer structure is found in several commercial MPC packages and so, when the practical application is concerned, the approach described here may be useful. In the case considered here, it is assumed that the continuous operation of the process systems cannot be interrupted and the normal process specifications should be maintained inside well defined bounds. These conditions point to the need of a closed-loop procedure. The industrial process selected to illustrate the method considered here is the debutanizer distillation column of a large oil refinery in Brazil. The practical results indicate that the approach can be effective and show a good potential to become the standard procedure to the closed-loop upgrade of process models that have been affected by equipment deterioration or large process excursions into new operating conditions.
INTRODUCTION
Nowadays Model Predictive Control is mostly based on a linear time invariant model of the process system, which is usually obtained at the implementation stage of the controller and based on open-loop input-output data. It is usually recognized that the model identification is the most time demanding step of the MPC implementation (Qin & Badgwell, 2003) . One of the drawbacks of this procedure is that the resulting model may represent adequately the process only at operating conditions near to the conditions considered in the identification test. Model deterioration may result from changes in the dynamics of the plant produced by persistent disturbances not considered in the design stage of the controller and that drive the plant to different operating conditions (Conner & Seborg, 2005) . Other causes of model deterioration are loss of performance of heat transfer equipment, separation systems, etc, or changes in product specification. Even small revamps in the process system may invalidate in various extensions the available model. Also, aging of equipment tends to intensify these problems and accelerate the loss of performance of MPC unless the re-commissioning of the controllers is carried out periodically. This procedure involves the model re-identification and retuning of the controller parameters (Gugaliya et al., 2005) .
In a large scale industrial process, re-identification based on open-loop tests as usually performed in the implementation phase of the system is prohibitive in most of the cases. Besides of the need to involve a large number of operators, instrument technicians and engineers to perform the long lasting open-loop tests that may take weeks in a system of large dimensions, these tests may result in unacceptable losses in the production rate or product quality. Thus, in general, no one in the plant site is keen to authorize this sort of test in a competitive scenario. Then, in this environment, closed-loop identification is a subject that needs to be taken seriously.
An ideal situation in closed-loop identification would be the case where routine operating data could be used in the identification algorithm without the need of introducing additional external disturbances. But, usually, these data shows a large noise to signal ratio and the process system is not sufficiently excited. Thus, in order to guarantee the necessary conditions for process identification, an external signal needs to be introduced in the closed-loop system. This dither signal should be designed with the objective of guaranteeing the persistent excitation of the process system. It may be introduced into the controlled variable set-point or added to the manipulated variable. However, adding such a signal to the set-point may result in loss of product specification and adding the dither signal to the input may result in infeasibility of the MPC control problem. On the other way, insufficient excitation may compromise the identification results.
The purpose of this work is to implement in an industrial distillation column a new approach to the persistent excitation of the process system in closed-loop with a MPC controller and to compare the performance of the resulting model to the existing model in the MPC in order to evaluate the need to replace the available model.
As in several commercial control packages, the MPC considered here has a two layer structure (Ying & Joseph, 1999; Qin & Badgwell, 2003; Nikandrov & Swartz, 2009 ) that is schematically represented in Fig. 1 . The upper layer of the controller aims at defining optimizing targets, in terms of an economic objective, to the lower dynamic layer that is the MPC algorithm that enforces these objectives while preserving constraints. In the scenario considered here, we have a process system that is controlled by an MPC whose performance has been deteriorated along the years and we want to study the causes of this deterioration. One of the possible causes for this poor performance is plant-model mismatch. Although, the performance of the control system is no longer optimum, the operating results in terms of maintaining product specifications and process constraints are still reasonable, and any experiment to be performed in the plant should not compromise this scenario. Another condition that should be satisfied is that the controller code is not accessible and consequently cannot be modified. Only the controller tuning parameters can be modified in order to produce the required excitation of the process. In the methodology described here, it is shown that the test signal may be introduced through the parameters of the target calculation layer while the dynamic layer is supposed to be disturbed through the targets that are computed in the upper layer and transfer the excitation to the real process by moving the inputs inside their operating ranges. Here, the results of this method applied to a debutanizer distillation column of an oil refinery are reported and the comparison between the resulting new model and the model on which the MPC was designed is discussed. The process system where the model re-identification procedure was implemented is the debutanizer column represented in Fig.2 . The feed stream to this column is raw naphtha and the products are liquefied petroleum gas (LPG) as the distillate and stabilized naphtha that is the main product at the bottom. The existing MPC of this column has three controlled variables: y 1 the temperature at the top section of the column; y 2 the Reid vapour pressure (RVP) of the stabilized naphtha; y 3 the ratio between the reflux flow and the vapour flow to the condenser. The inputs that are manipulated by the controller are: u 1 the set point to the temperature controller at the bottom section of the column; u 2 the reflux flow rate. In the MPC considered here, the upper layer solves a steady-state optimization that defines input targets to the lower layer that solves a constrained dynamic optimization problem in which the outputs are controlled in specified zones (González & Odloak, 2009; Maciejowski, 2002) . Thus, the main control objectives of the dynamic layer are input target tracking, and disturbance rejection through the output zone control, which allows a number of outputs larger than the number of inputs as in the distillation column studied here.
Fig. 2. The debutanizer column
In the controller considered here the target calculation layer solves a QP (quadratic programming) problem where, usually, the objective is to maximize the production of stabilized naphtha by incorporating the maximum amount of lighter components in the bottom stream while maintaining the Reid vapour pressure below a maximum limit. The temperature at the top of the column should also be kept above a minimum limit otherwise a corrosive naphtha stream may be produced at the bottom. The reflux ratio has to be maintained inside a suitable range to preserve the efficiency of the distillation process. The optimization problem that is solved in the target calculation can be written as follows: (1) and (2), it is obtained the input target s u and the output target y s , but only u s is passed to the dynamic layer, which in this case solves the following optimization problem: 
is the vector of control moves, max u ∆ is the upper limit to the control moves, m is the control horizon, p is the output horizon, and Q , R and u R are diagonal weighting matrices of appropriate dimensions. Only the first element of the computed input sequence u ∆ is implemented in the
In the controller of the debutanizer column, the following zone control strategy is implemented: if the predicted trajectory of a given output is inside its control zone, the error in this output is considered to be equal to zero and the output is not included in the control problem. When the prediction lies outside the control zone, depending on whether the prediction is above or below the max or min limits of the zone, one of these bounds is adopted as the output set-point. Usually, the zone control strategy is used to leave degrees of freedom to the controller to allow the inputs to be driven to their targets, which often lie on constraints. This control strategy may also be used to smooth the system response in severely disturbed conditions.
The two-layer MPC algorithm as described above corresponds to the controller applied in most of the oil refineries in Brazil. This is one of the MPC algorithms available in the control package SICON@, which is the standard process control software in the refining section of PETROBRAS in Brazil.
MPC's usual tuning parameters of the target calculation layer for the industrial debutanizer column are the following: 
The input and output bounds in the dynamic layer are the same as in the target calculation layer and the input move
CLOSED-LOOP EXCITATION OF THE DEBUTANIZER COLUMN
In spite of the several disturbances that affect the debutanizer column during normal operation, usually this excitation is not sufficient to allow the identification of a new process model. This is so because of two main reasons:
1) The level of this excitation is not large enough compared to the level of the instrument noise. 2) Unless one of the outputs reaches one of its bounds, in the zone control strategy, the controller will not react to the disturbances. Then, to solve the problem of lack of natural excitation, we take advantage of the layered structure of MPC, and in order to guarantee the necessary excitation of the inputs, we introduce an external persistent exciting (PE) test signal, namely a binary signal of magnitude 1 ± , in the target calculation layer of the existing controller that in this can be written as follows 
subject to (2) where exc W is a vector whose elements are the components of the GBN sequence that is designed to properly excite the system. Then, if the product , 1, exc i i W W − is positive (negative), the solution to the QP problem will tend to reduce (increase) the target to input i u until it reaches its lower (upper) bound or the predictions of an output lies outside the control zone. Then, we can expect that the binary test signal that is introduced in the target calculation layer will be transferred to the dynamic layer through the target s u . More details about this method can be found in Sotomayor et al. (2009) . Observe that the excitation signal is introduced through a tuning parameter of the controller and there is no need to alter any code of the control package. Then, the online 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012 solution of the problems defined in (5) and (2) and (3-4) with a sampling period of 1 min results in the input profiles represented in Fig. 3 . It can be verified that these inputs are persistent exciting as required by any model identification procedure (Ljung, 1999) . The effect of the excitation of the inputs represented in Fig.  3 on the outputs of debutanizer column is represented in figures 5 to 7, where it is also represented the output control zones.
Observe that, although the distillation column is severely disturbed through the manipulated inputs, the controlled outputs y 1 and y 2 deviate only slightly from their control zones while y 3 that has a lower control priority tends to deviate a little more but, in general, the controller, although with a deteriorated model, is capable of maintaining an acceptable performance. This means that during the excitation test, although the operation of the column was not optimal all the product specifications and process constraints were preserved.
About 800 experimental points are represented in figures 3 to 6 and were used in the identification of the new model of the debutanizer column. Other 300 points not shown in these figures were used in the validation step of the resulting model as will be presented latter. The identification procedure follows the same steps as the usual open-loop identification methodology applied to industrial processes (Ljung, 1999) . The persistent excitation characteristic of the normalized inputs was tested for order η=12, which shows that high order transfer functions would be satisfactory identified (Söderström & Stoica, 1989) .
Model structure selection and parameters calculation
Here, we consider that the debutanizer column can be represented by a multi-input and single-output (MISO) output-error (OE) transfer function model represented bellow: 
, ,0 ,ˆˆj 
respectively. To compute the parameters of the model in (6), the CONTSID toolbox (Garnier et al., 2008) In the re-identification procedure adopted here the parameters of the transfer function that best adjust the old step response model that is available in the existing controller is adopted as the initial solution to the identification problem. The model obtained with the data represented in figures 3 to 6 is the following: Figure 8 shows the step response comparison between the old model and the new model obtained in the reidentification procedure. Observing these step responses, it is clear that the new model is quite different from the existing one, not only because of the different gains, which for output y 1 are about five times smaller in the new model than in the old model, but also for the different dynamics shown by outputs y 1 and y 2 . To verify which model represents better the experimental data collected from the plant, Fig. 8 compares the predictions of the two models with the plant data used in the identification procedure for output y 2 . Fig. 9 (7) where y is the true system output and ŷ the model output. For instance, when computing these coefficients for output y 2 the following results were obtained using the plant data used in the identification of the model: New model FIT=78.62%, Old model FIT = -7.91%. Analogously, for the data used in the cross validation of the model we have: New model FIT= 69.16%, Old model FIT=24.52%.
Model Validation
For output y3, the results are similar or, the re-identified model is capable of predicting the system output much better than the existing model. With respect to the new model to output y1 there is an improvement in its prediction capability, but it is not as dramatic as in the two other outputs because the debutanizer column has a process problem related to the overhead condensers that are partially plugged and their heat transfer capacity is restrained. The new model was then implemented in the MPC of the debutanizer column and the performance of the controller was monitored along the three months following the switching of models. The performance in this period was then compared to the performance of the controller in the three months before the switching of models. Petrobras uses two indices to quantify the performance of the MPC controllers implemented in their refineries. The first index, defined as OI, corresponds to the percentage of the operating time that the MPC remains on. This index is useful because if the performance is too bad the operator tends to switch the MPC off and continue the operation of the plant with the regulatory control loops only. Before the re-identification of the process model, the OI of the advanced controller of the debutanizer column was nearly 50% that indicates a poor performance. In the three months that followed the re-identification of the system, the OI 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012
index remained in 100% (It should be noted that the operators were not told that the controller had been modified). The second performance index used by Petrobras is designated as PCAT (Pinotti et al., 2008) . PCAT corresponds to the percentage of this time in which the controller is maintaining the plant at the optimum operating point. With the old model the debutanizer column would stay at the optimum point only 30% of the time the controller was on. This means that at only about 15% of the total operating time the column was running at the optimum point. With the new model, the controller kept the process more than 50% of the operating time at the optimum.
CONCLUSION
A closed-loop re-identification procedure developed for the MPC controller with two layers was implemented in a debutanizer column of an oil refinery. The experiment was very successful and a new model was obtained that can represent the process significantly better than the existing model in the MPC that was controlling the process for more than a decade with a deteriorated performance. It was shown that the excitation approach that introduces the excitation signal in the target calculation layer of the controller is adequate in terms of not causing a significant disruption in the operating objectives. The new model was then implemented in the MPC and the results were quantified following the performances indices adopted by Petrobras. It was shown that the improvement in these indices was substantial and motivates new applications of the approach. 
